ABSTRACT
Atypical squamous cells-undetermined significance (ASC-US) is the most common cervical cytologic abnormality. The College of American Pathologists lists the median reporting rate of ASC-US among laboratories in the United States as 5.0% in the 2017 Cytopathology Checklist. 1 Fortunately, only a small minority of women with ASC-US have a high-grade cervical cancer precursor (ie, high-grade squamous intraepithelial lesions [HSIL] and adenocarcinoma in situ) as well as invasive cervical cancers. Two recent large US cervical cancer screening trials reported an overall prevalence of high-grade cervical cancer precursors in women with ASC-US of 5.1% (n = 1,578) 2 to 9.7% (n = 939) 3 ; no invasive cervical cancers in women with ASC-US were identified in either study. Because most high-grade cervical cancer precursors and invasive cervical cancers are caused by 13 high-risk human papillomavirus (HPV) genotypes, 4, 5 HPV testing has become the predominant approach to managing women with ASC-US, both in North America and Europe. 6 HPVpositive women with ASC-US are referred for colposcopy, whereas HPV-negative women with ASC-US are followed-up with repeat testing in 12 months. This approach is recommended by US clinical management guidelines.
HPV HR (Hologic, Bedford, MA), cobas HPV (Roche Molecular Systems, Pleasanton, CA), and Aptima HPV (Hologic). Recently, the Onclarity HPV Assay (BD Life Sciences, Sparks, MD) was FDA-approved for use with SurePath liquid-based cytology (LBC) in women, aged 21 years or older, with ASC-US to determine the need for referral to colposcopy. The assay was also approved for detection of HPV genotypes 16, 18 , and 45 in this population. 9 Onclarity is a polymerase chain reaction (PCR) assay that detects E6/E7 DNA from 13 high-risk HPV types and HPV 66, with simultaneous individual genotyping for HPV 16, 18, 31, 45 , 51, and 52, and detection of (33/58), (56/59/66), and (35/39/68) as three separate, pooled groups. 10 The performance of this assay in women with ASC-US has been previously evaluated using archived LBC specimens. 11 To confirm these findings and obtain regulatory approval by the FDA, the clinical performance of the assay was evaluated in a multicenter US-based clinical study (BD Onclarity trial) that enrolled 33,858 women, aged 21 years or older, undergoing routine screening in the United States. This report describes the assay's performance characteristics in the subset of women aged 21 years or older with ASC-US, compares the assay's performance to that of HC2, and investigates the potential clinical utility of genotyping for HPV 16, 18 , and 45 in this population.
Materials and Methods

Study Design
This report includes data from the baseline phase of the ongoing Onclarity trial. The design, screening procedures, inclusion/exclusion criteria, and description of cytology and HPV testing methodology has been previously described in detail. 12 The selection algorithm for women in this analysis is shown in ❚Figure 1❚. The primary study endpoint for disease was identification of a highgrade cervical cancer precursor lesion (CIN 2+), defined as cervical intraepithelial neoplasia grade 2 (CIN 2) or higher lesion (CIN 3, adenocarcinoma in situ, or invasive cervical cancer) by consensus pathology adjudication.
Sample size was based on identifying 70 cases of CIN 2+ in women with ASC-US. Initial estimates indicated that, after accounting for all factors including loss to follow-up, this would require enrolling 47,000 subjects aged 21 years or older. However, there was a higher ASC-US and CIN 2+ prevalence than originally projected and this allowed enrollment to be stopped at 33,858 subjects. Women were recruited consecutively during routine cervical cancer screening at 31 clinical sites across 17 states between August 26, 2013, and June 12, 2015. Overall, 1,960 subjects had a cytological diagnosis of ASC-US. Detailed inclusion/exclusion criteria have been previously described. 12 The overall HPV vaccination rate (≥one dose) was capped at 10%.
All sites obtained institutional review board approval and written informed consent from all subjects prior to any trial-related procedures. This study was conducted according to those principles outlined by the Declaration of Helsinki and by Good Clinical Practice.
Enrollment Visit (Study Visit 1)
At the enrollment visit, information related to demographics and medical history was recorded. During speculum examination, two cervical samples were collected with either the brush/spatula or a broom-like collection device. The first was placed into BD SurePath media (BD Life Sciences, Burlington, NC) and was used for both cervical cytology (conducted at three clinical laboratories) and HPV testing using the BD Onclarity HPV assay. The second cervical sample was placed into a PreservCyt vial (Hologic) and used for HPV testing using the Onclarity assay and HC2 assay (Qiagen). Cytologic evaluation and results were reported according to the 2001 Bethesda System. 13 Computerized imaging was not employed during evaluation of cytology.
HPV Testing
The specific details of the fully automated BD Viper LT system (BD Diagnostics, Sparks, MD) and the Onclarity HPV assay have been published previously. 10, 12 The Onclarity HPV assay is a real-time PCR assay that utilizes 0.5 mL of SurePath medium. Onclarity is run on the fully integrated BD Viper LT System, which can process up to 120 samples per day in a 9.5-hour period of time (two shifts). The system extracts and purifies DNA, hydrates a dried PCR master mix, and proceeds to automated plate sealing, thermocycling, and results outputting without user intervention. The instrument was designed to reduce the risk of PCR contamination through the incorporation of ready to use reagents and fully automated workflow. In addition to gene-specific targets to E6 and E7 HPV DNA, the assay also detects the human β-globin gene, which acts as an internal control. The clinical cutoff for genotype detection was established using receiver-operator characteristic curve analysis for histologically confirmed CIN 2+ disease.
Colposcopy and Biopsy Visit (Study Visit 2)
All subjects with a cytologic diagnosis of ASC-US were referred to colposcopy. Of the 1,960 subjects referred to colposcopy, 1,953 had valid HPV tests, and a total of 1,607 actually underwent colposcopy and had adjudicated histopathology results and valid HPV results Figure 1 . Colposcopy had to be performed within 84 days of Study Visit 1. Both subjects and colposcopists were blinded to cytology and HPV assay results at the time of colposcopy. Colposcopists were instructed to biopsy any lesion or acetowhite area. If no lesions or acetowhite areas were visible during the colposcopy, a random biopsy at the squamocolumnar junction was performed. An endocervical curettage (ECC) was collected from every subject undergoing colposcopy.
Histopathology
Biopsies and ECCs were evaluated independently by at least two of the Central Pathology Review (CPR) gynecological pathologists (Drs Alex Ferenczy, Mark H. Stoler, and Thomas C. Wright, Jr) who were masked to all study information except for the subject's age. If the two pathologists did not agree, the slides were reviewed by the third CPR pathologist. Consensus was achieved when two of the three pathologists agreed on a diagnosis. In cases where all three diagnoses were discordant, the specimen(s) in question were reviewed together by all three pathologists to achieve a consensus pathology diagnosis. When at least one reviewer identified a specimen as CIN 2 or when one reviewer rated a specimen as CIN 2+, with a second reviewer scoring the same sample as below CIN 2, immunohistochemistry for p16 INK4A (p16) (Ventana Medical Systems, Tucson, AZ) was utilized in adjudicating a final diagnosis. For histology, the Lower ❚Figure 1❚ Subject reconciliation during baseline enrollment and participation of subjects, aged 21 years or older, with ASC-US cytology, in the trial.
a Corresponds to the same specimen. Corresponds to the same specimens. ASC-US, atypical squamous cells-undetermined significance; CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus; hrHPV, high-risk human papillomavirus; NILM, negative for intraepithelial lesions or malignancies; PI, principal investigator; UNSAT, unsatisfactory cytology.
Anogenital Squamous Terminology standardization and World Health Organization classification, which incorporate Bethesda terminology, is simplified to the CIN grade. 14, 15 In this report, CIN 1 indicates low-grade squamous intraepithelial lesion (CIN 1), CIN 2 indicates HSIL (CIN 2), and CIN 3 indicates HSIL (CIN 3).
Statistical Analysis
Data for prevalence estimates were limited to subjects with an LBC result, key demographic information, and HPV assay results for all genotypes. Prevalence numbers of high-grade cervical lesions were calculated for women that had colposcopy/biopsy results. Performance values (sensitivity, specificity, positive predictive value [PPV], negative predictive value [NPV], positive likelihood ratio [PLR] , and negative likelihood ratio [NLR]), absolute risk, and relative risk were determined using standard statistical tests. The confidence intervals were calculated using standard methods.
Results
Baseline Demographics and Screening Results
Of the 1,960 subjects with ASC-US cytology, 37.3% were younger than 30 years and 62.7% were aged 30 years or older ❚Table 1❚. The mean and median ages among the subjects were 36.2 and 34.0 years, respectively. White subjects (73.8%) comprised the majority of participants, with African American subjects (23.4%) constituting the second largest group by race. In the ASC-US population, 11.4% were vaccinated, 1.9% were immunocompromised, and in the 5 years prior to enrollment, 26.5% had abnormal cytology findings and 16.3% had undergone a colposcopy. HPV (any genotype) was detected using Onclarity in 39.1% of subjects. HPV 16 was detected in 7.4% of subjects, and HPV 18 and 45 were detected in 2.5% and 2.4% of subjects, respectively. The prevalence of HPV (any HPV) decreased with increasing age, as did the prevalence of HPV 16, HPV 18, and HPV 45 ❚Table 2❚. In the 21 to 29-year age group the overall prevalence of HPV was 54.6% whereas in the 40 years or older group it was only 22.9%. Prevalence, by age group, for HPV 31, (33/58), 51, 52, (35/39/68), and (56/59/66) is shown in Supplemental Table 1 (all supplemental materials can be found at American Journal of Clinical Pathology online).
HPV Prevalence Values by Cervical Disease Status
All subjects with ASC-US were referred to colposcopy; 82.0% (1,607 out of 1,960) underwent the procedure, had a valid HPV result, and had a consensus pathology biopsy result (Figure 1 ). The prevalence of CIN 2 was 4.4% and the prevalence of CIN 3+ was 2.2% ❚Table 3❚. There were two cases of adenocarcinoma in situ (both of whom were HPV 16 positive) and no invasive carcinomas in the 1,607 evaluable women; 82.9% and 91.4%, respectively, of subjects with CIN 2+ and CIN 3+ were HPV positive. The prevalence of HPV 16 increased with increasing severity of cervical disease. HPV 16 prevalence increased from 4.8% in subjects with no CIN to 51.4% in those with CIN 3+. HPV 18 and 45 were less prevalent than HPV 16 in women with CIN 2 or CIN 3+. For HPV 18, the prevalence in CIN 2 and CIN 3+ was 7.1% and 2.9%, respectively, and for HPV 45, prevalence was 2.9% in both CIN 2 and CIN 3+. No cases of CIN 2 or CIN 3+ were detected that involved mixed infection of HPV 16 with either HPV 18 or HPV 45 in this population. 
HPV Assay Performance
Performance characteristics (sensitivity, specificity, PPV, NPV, PLR, and NLR) for the detection of CIN 2+ and CIN 3+ were determined for the Onclarity and HC2 HPV assays ❚Table 4❚. The performance of the two HPV assays for the detection of CIN 2+ and CIN 3+ was similar, with only minor, nonsignificant differences observed. The sensitivity of Onclarity for CIN 2+ and CIN 3+ was 85.7% and 91.4%, respectively. Specificity for CIN 2+ and CIN 3+ was 64.1% and 62.0%, respectively. NPV for CIN 2+ and CIN 3+ was 98.5% and 99.7%, respectively. Similar performance characteristics were found using HC2. Age had an important impact on the performance characteristics of the two HPV assays (Supplemental Table 2 ). The sensitivity of Onclarity for CIN 2+ in women 21 to 29 years, 30 to 39 years, and 40 years or older was 93.6%, 83.3%, and 68.8%, respectively. Specificity for CIN 2+ in the three age groups was 49.5%, 63.2%, and 78.2%, respectively. 
Risk Estimation by HPV Status
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Discussion
The Onclarity trial enrolled 33,858 subjects, aged 21 years or older, undergoing routine cervical cancer screening. The trial was designed to clinically validate Onclarity performed on SurePath cervical samples for use as a triage test for women, aged 21 years or older, with a cytologic result of ASC-US, as an adjunct to cervical cytology (ie, cotesting) in women aged 30 years or older, and as a stand-alone cervical cancer screening test (ie, HPV primary screening) in women aged 25 years or older. The trial was also designed to clinically validate genotyping for HPV 16, 18, and 45 in each of the clinical situations described above (HPV 16 and 18 only are indicated for primary screening) and to explore the clinical utility of expanded genotyping that would identify genotypes other than HPV 16, 18, and 45. Onclarity is a PCR-based assay that detects the E6/E7 region of the viral DNA of 13 high-risk HPV types and HPV 66 either as individual viral genotypes or as pooled mixtures of two or three genotypes. The current analysis evaluates the performance of Onclarity in the 1960 subjects, aged 21 years or older, with ASC-US who were referred for colposcopy.
The prevalence of ASC-US was 5.8% in the subjects. This is similar to the 5.0% median laboratory percentile-reporting rate of ASC-US for SurePath media used by the College of American Pathologists for the 2017 Cytopathology Checklist. However, it is somewhat higher than the 4.1% ASC-US rate that was reported from the ATHENA study, which used PreservCyt media. 2 The overall prevalence of HPV positivity in women with ASC-US (39.1%) is similar to what has been reported in other published regulatory studies of women with ASC-US in the United States ❚Table 6❚. 2, 3, [16] [17] [18] The CLEAR trial 3 studied the performance of the Aptima HPV test and the ATHENA trial 2 studied the cobas HPV test in women with ASC-US. Both trials used PreservCyt cytology media and the overall prevalence of HPV was 42.0% and 32.6%, respectively. 2, 3 Recently, a study from Roche/ Kaiser Permanente was used to obtain FDA-approval of the cobas HPV test for use with SurePath media and reported that the prevalence of HPV in women with ASC-US was 45.8%. 18 In contrast, the Cervista trial found a much higher prevalence of HPV (all genotypes), as well as HPV 16, compared to any of the other studies. 17 In the current study, the prevalence of biopsy-confirmed CIN 2 was 4.4% and the prevalence of CIN 3+ was 2.2%. This is similar to what was reported in the Kaiser Permanente study 18 and in the CLEAR trial. The prevalence of CIN 2 is approximately twice as high as that found in the ATHENA trial (2.2%). 2 It is unlikely that the difference in prevalence of CIN 2 and CIN 3+ in the studies could be due to differences in HPV vaccination rates. In the CLEAR trial, vaccination status was not reported, but enrollment was begun in 2008 at a time when HPV vaccination was just beginning in the United States. In ATHENA, 4.3% of subjects had received at least one dose of an HPV vaccine. This number increased to 11.4% in the current study and 31.8% of the subjects in the Kaiser Permanente study. Interestingly, the Kaiser Permanente study found the highest prevalence of cervical disease among subjects with ASC-US despite the high vaccination rate. Differences in the prevalence of cervical disease between the studies most likely relate to how colposcopy was performed and the biopsies evaluated. 3 In CLEAR, ATHENA, and the current study the same panel of pathologists performed the consensus pathology review, whereas in the Kaiser study all pathology was reviewed by Kaiser pathologists. In addition, in the current study adjunctive p16 immunostaining was used when there was a significant discrepancy between the individual pathologists' diagnoses. Adjunctive p16 immunostaining was not used in CLEAR and ATHENA. Colposcopy was also conducted differently in the four studies. In CLEAR a random biopsy was taken from every cervical quadrant that did not have a lesion whereas in the current study, in ATHENA, and in the Kaiser study a single random biopsy was obtained only if no cervical lesion was identified. The Cervista study allowed biopsies to be obtained at the discretion of the colposcopist. Importantly, an ECC was performed for all subjects in this study. An ECC was performed for all subjects in the CLEAR study, but only performed following unsatisfactory colposcopy findings in the ATHENA and Kaiser studies. No ECC was performed in the Cervista study. The inclusion of a routine ECC for all subjects in the current study likely resulted in a higher rate of detection for high-grade disease compared to studies with no routine ECC. Although the mean age is similar in the five studies (ranges from 33.6 to 37.1 years), the differences in prevalence of high-grade disease in the studies may be due to subtle differences in cervical disease risk profiles or the way cytology was interpreted. It is important to note that no invasive cervical cancers were identified in any of the studies (Table 6 ).
In the current study, clinical validation of Onclarity as a triage for women with ASC-US was achieved by comparing the performance characteristics of Onclarity for the detection of CIN 2+ and CIN 3+ with those of HC2. For this comparison, Onclarity was performed on the SurePath cytology sample that was always collected first, and HC2 was performed on the ThinPrep cytology sample that was collected second. Because this was a FDA regulatory trial of the performance of Onclarity on SurePath that would always be collected as the first specimen in routine clinical practice, we did not randomly alternate the collection sequence. Sensitivity for CIN 2+ and CIN 3+ was 85.7% and 91.4%, respectively. Specificity for CIN 2+ and CIN 3+ was 64.1% and 62.0%, respectively. These sensitivities and specificities are statistically indistinguishable from those of HC2 in the same population. HC2 is considered to be an established benchmark for comparing HPV tests in the United States. 19 Moreover, when comparing the performance of Onclarity using SurePath specimens with the performance of other FDA-approved HPV tests in the four other large US regulatory trials incorporating different HPV assays and/or media, similar sensitivities and specificities are observed for both CIN 2+ and CIN 3+ in all of the trials except for the Cervista trial (Table 6 ). In the Cervista trial, a higher prevalence of HPV (all genotypes) resulted in a lower specificity than found in the other studies. 17 Similar to other reports from the United States, we found that age had an important impact on the performance of the HPV assays. In this study the sensitivity of Onclarity for CIN 2+ decreased from 93.6% in women 21 to 29 years of age to 68.8% in women aged 40 years or older. In contrast, the specificity of Onclarity for CIN 2+ increased from 49.5% in women 21 to 29 years of age to 78.2% in women aged 40 years or older. In the ATHENA trial sensitivity of the cobas HPV assay for CIN 2+ in women with ASC-US decreased from 93.3% in women 21 to 29 years of age to 66.7% in women aged 40 years or older and specificity increased from 49.7% in women 21 to 29 years of age to 85.0% in women aged 40 years or older. 20 The current results clinically validate the use of Onclarity using SurePath samples as a triage test for women aged 21 years or older with a cytologic result of ASC-US, because it both meets the benchmarks of sensitivity established by expert consensus as well as performs similarly to other FDA-approved HPV tests.
One potential advantage of Onclarity is that it provides information on HPV 16, 18, and 45, individually. These three HPV genotypes account for approximately 77% of all invasive cervical cancers globally and are the first, second, and third most common individual genotypes found in invasive cervical cancers. 5 In this study we found that specific HPV genotyping has a dramatic impact on the absolute risk and relative risk of having CIN 2+ and CIN 3+. For subjects who are HPV 16 positive, the absolute risk of having CIN 2+ was 29.5%, compared to 14.3% for subjects who were positive for any of the 14 pooled HPV genotypes (inclusive of HPV 16). For CIN 3+, the absolute risk for HPV 16 positive subjects was 16.1% whereas for subjects who were positive for any of the 14 pooled HPV genotypes (inclusive of HPV 16) it was only 5.1%. It is important to point out that the risk for CIN 3+ found in the current study is predominantly the risk for CIN 3 only, because no invasive cancers and only two cases of adenocarcinoma in situ were detected. The relative risk of CIN 2+ for subjects who were HPV 16 positive compared to those who are HPV positive (but not for HPV 16) was 2.7 and for CIN 3+ it was 5.9. Although HPV 18 is associated with 32% of invasive cervical adenocarcinomas and 10% of squamous cell carcinomas, as well as a large percentage of aggressive neuroendocrine carcinomas, 5 in this study, of women with ASC-US cytology, the absolute risk and relative risk for CIN 2+ and CIN 3+, when HPV 18 positive, was not increased compared to being positive for the other high-risk HPV genotypes (excluding 16). Similar findings were observed in the ATHENA study. 2 In another study of women with ASC-US, the 3-year cumulative risk of CIN 3+ associated with HPV 18 was similar to risk associated with HPV 31 and HPV 33/58 (pooled). 21 HPV 45 is genetically similar to HPV 18 and is associated with 5% of squamous cell carcinomas and 12% of adenocarcinomas. 5 In this study HPV 45 provided a risk similar to HPV 18 and the other 11 high-risk HPV genotypes. Our study was not designed to measure the risk of adenocarcinoma in women with ASC-US who have HPV 18 or 45. Nevertheless, using a CIN 3+ endpoint, our data suggest that only women with ASC-US, who are HPV 16 positive should be singled out for different management because the risk prediction for HPV 18, 45, and the other 11 HPV genotypes (pooled) are all approximately the same.
Current management guidelines recommend HPV testing as a triage for women, aged 25 years or older, with ASC-US; women who are HPV positive should be referred to colposcopy and those who are HPV negative should be rescreened in 3 years. Current management guidelines do not recommend HPV genotyping for women with ASC-US. 7, 8 However, because of the very high risk of cervical disease associated with HPV 16, it is widely recognized that there is clinical benefit to knowing if an HPVpositive woman has HPV 16.
2 Even if no lesion is found at the time of colposcopy, women who are HPV 16-positive are at higher risk for developing cervical disease in the future. 22, 23 Although women who are HPV 18/45-positive have a lower risk for CIN 3 than those with HPV 16, 16 their risk for invasive cervical cancer (especially adenocarcinoma) is elevated compared to women with the 11 other HPV genotypes (non-16/18/45). 5, 24, 25 Indeed, genotyping guidelines that recommend singling out women with HPV 18, and in some cases HPV 45, when cotesting or using primary screening, are based on the risk of invasive cervical cancer associated with these two genotypes, not the risk of CIN 2 or CIN 3. Because invasive adenocarcinomas typically arise in the endocervical canal and do not arise through progression of a CIN 3 lesion, 26 clinicians may want to alter how they perform colposcopy in women positive for HPV 18 or 45, opting to perform an endocervical curettage even if cervical biopsies are not done.
Eventually, as genotyping assays become available that allow the identification of more individual high-risk
